This paper deals with an assessment of the machined surface created by abrasive waterjet technology regarding its cutting performance versus profile, lagging and waterjet angle assessments. The results of the experiments presented in this study are with regard to Carrara marble. The machined surfaces were measured in seven different locations across a 40 mm depth of cut by a high precision contact-type profilometer and thus assessed using the standardized amplitude parameters of the profile distribution. The lagging and waterjet angle were also evaluated by creating a digital photo of the machined surface together with a reference gauge. The existence of machining marks on the machined surface has been mostly noticeable in the bottom zone around ~20 mm depth of cut down to jet exit. This investigation leads to a conclusion that, stand-off distance and traverse rate play the roles of the utmost importance in considerations of the machined surface quality in contrast to abrasive mass flow rate. In addition, while the striation zone (rough surface) cannot be eliminated entirely, by selecting proper process parameters, a smooth cutting machined surface can be accomplished.
Introduction
The machined surface quality control of Carrara marble is a very significant part of the surface preparation in all categories of technologies that are used in and also for internal and external cladding applications [1] . Since 1930, when topography meters's test-rig was invented, the machined surface quality control and its measurement have become the most critical factors and significant functionality indicators in the repeatability and reproducibility performance of highprecision applications while also minimizing the negative impact on the environment [2] . New manufacturing procedures and measurement methods, which provide us with new and improved machined surface properties and extensive information about the newly created surfaces are implemented into everyday practice. The current trends in environmental protection contribute to the development of non-conventional machining (NCM) methods, which include abrasive waterjet technology [3] . Abrasive waterjet (AWJ) technology is a material removal process [4] [5] . It is a state-of-the-art non-traditional machining (NTM) process [6] [7] . This technology generates a special surface on the machined material, which should be studied precisely when assessing the parameters of the surface topography. Figure 1 shows the schematic illustration of an abrasive waterjet machine along with the material to be cut. In this schematic diagram of an AWJ machine, the water with a high-pressure of up to 400 MPa is focused through a sapphire orifice, thus producing a high-velocity jet that passes through a mixing chamber and hits the target material to be cut. The abrasive particles' agents are then supplied through the vacuum formed in the mixing chamber. Momentum transfer from the jet to the abrasive particles takes place within a narrow mixing tube, also called the nozzle. Finally, the high-pressure water jet charged with the abrasive particles agent then cut through the target material [8] . Water mixed with debris is eventually collected, filtered and dried in order to re-use the abrasive particle agent again. The recycling of the abrasive particles' agent makes the AWJ technology a clear example of greener manufacturing, cleaner production, and a generally more economical and more sustainable method [9] . The main advantage of AWJ technology is the elimination of the thermal effects due to the cutting process of using the medium formed of fluid on the workpiece so that there is no thermal degradation and it is not Figure 1 . Schematic of abrasive waterjet machine along with target material to be cut. flammable [10] . The AWJ machine can disintegrate almost all engineering industrial materials, ranging from a soft material such as wood, plastics, rubber, and so on, to hard materials such as Inconel, titanium, and so on [11] .
Published analyses and repeatability performance data relating to the effects of the stand-off distance (SOD), traverse rate (TR) and abrasive mass flow rate (AMFR) machining process factors on the surface roughness, waviness and profile, e.g. [6] . However, we found no authoritative public data on skewness, R sk , and kurtosis, R ku , performance. Therefore, we report on an experimental study to examine the effects of AWJ variables on skewness, R sk , and kurtosis, R ku , in AWJ cutting of Carrara marble material. Lagging and waterjet angle assessments are also examined.
Surface Profile Assessment
The most frequently-used roughness parameter applied for the evaluation of machined surface materials is the amplitude parameter, R a, and indeed, it is the universally recognized one. It is the arithmetical mean of the absolute value of z(x) departures of the roughness profile from the mean line, l; see Equation (1) [12] [13] . However, the amplitude parameter, R a , does not react sensitively to height variations of the assessed machined surface profile, as it is crucial to study the height variation after the abrasive waterjet machine cuts the target material.
For this reason, the parameters R q (see Equation (2) , the root mean square RMS to R a ) was observed as the amplitude parameters for more detailed machined surface evaluation since they respond more sensitively to local inequalities of the assessed machined surface [5] . They provide more precise information about the studied surface texture of Carrara marble used in this investigation.
Skewness, R sk , as stated in Equation (3), is defined by ISO 4287 (1997) [14] , as a measure of the degree of asymmetry of the amplitude density curve and is characterized as positive or negative distributions. Empty machined surfaces of material present positive skewness distribution, while full machined surfaces exhibit negative skewness distribution, see Figure 2 [14] . It is a significant amplitude parameter for tribological applications, such as bearing surface functionality, friction, wear control and so on. Mathematically, it is the third moment of height amplitude distribution and is normalized by the standard deviation. It acquires a null value for an entirely random machined surface profile due to uniform distribution of profile amplitudes about the mean line. However, it is an important measure in categorizing the manufacturing processes as it reflects the distribution and shape of the unit event(s). A positively skewed profile distribution (large tail to the right) exhibits excellent gripping and locking properties in metallic materials and helps in improving the fatigue life of components, where cracks may initiate from surface defects. A negatively skewed profile distribution (large tail to the left) indicates a surface with excellent bearing properties due to valleys acting as lubrication reservoirs.
Kurtosis, R ku , as stated in Equation (4) , is defined by ISO 4287 (1997) [14] , as a method of quantifying bearing properties by measuring the degree of peakedness of the amplitude density curve and takes the value 3 for normal distribution, see Figure 3 [14] . Mathematically, it is the fourth moment of height amplitude distribution and is also normalized by the standard deviation. It indicates narrowness and/or widths of the probability density function in comparison to the normal distribution (Gaussian) of the profile coordinates, where parameter R ku = 3 (mesokurtic). A profile with sharper peaks (spiky) has the value of R ku > 3 (leptokurtic, homogeneous and narrow scatter). In contrast, R ku < 3 (platykurtic, heterogeneous and wide scatter) indicates a profile distribution with bumpy, round and less frequent peaks. In this regard, information is provided on the real contact area and wears resistance. In addition, it is likely to detect the periodicity of the profile distribution R ku < 3.
( )
( ) Figure 2 . Skewness distribution, adapted from [14] . 
Testing Assembly
Owing to the importance of the process parameters in the AWJ process, standoff distance (SOD), traverse rate (TR) and abrasive mass flow rate (AMFR) have been selected as the actual value of the process parameters for the present study.
The Carrara marble material of 100 mm × 10 mm × 40 mm has been made to cut in order to produce rectangular specimens on the x − y cutting table with The same abrasive product was utilized in all cutting procedures.
With a combination of low contact force, high displacement sensitivity and the small radius of a 2 µm stylus being used, the surface irregularity distribution was measured using a contact-type Taly 
Results and Discussions
This research work is an extension of a preliminary study conducted on Carrara marble stones. The experimental set-up and results of the surface roughness, R a , and depth of cut (DoC) have already been reported in [25] and are used here as a reference for further investigation. A stylus profilometer reports R a values of around R a ≈ 4 µm at the top edge and R a ≈ 93.7 µm at the bottom edge of the machined surface [25] . In the current investigation, cutting parameters' per-formance against the surface profile, lagging and waterjet angle assessments were made. These parameters such as SOD, TR and AMFR are the key process parameters of the AWJ technology and were selected in response to suggestions from the industry and due to their everyday use for evaluation of machined surface quality in both research and industrial applications.
As regards stress-strain deformation behaviour, rather high deformation stress occurs at the inlet of the jet to the Carrara marble material. Therefore, the separating cut is relatively smooth at the top edge of the target material. But, the deformation stress-strain, i.e., tool cuttability, which is significantly influenced by the TR decreases with any increase in the DoC [26] . For all machined surface of Carrara marble, two regions were dependent on the kinetic energy level of the jet, namely the smooth zone, and the striation zone. The smooth zone represents the smooth cutting zone, whereas, the striation zone represents the initial damage zone and rough cutting zone.
Rq/Ra Ratio Assessment
Analysis of the surface profiles generated under different abrasive waterjet cutting process conditions is conducted qualitatively in terms of the static characteristics in seven different sub-zone levels, including the surface roughness, R a , (which was published in [25] ) and the root mean square, R q , in order to generate the ratio of machined surface profile R q /R a with the different process parameters of AWJ technology. During the evaluation, the detailed texture of the newlycreated surface must be considered. The texture is separated into elements based on the spacing between inequalities which vary significantly depending on the Hence, the amplitude parameters of the machined surface of Carrara marble were increased with the increasing SOD, TR, and AMFR.
Skewness vs. Kurtosis Assessment
Since the abrasive waterjet procedure involves the generation of a new surface profile through the percussive impact of stochastic abrasive particles, the surface topology was studied with the surface asymmetry (skewness, R sk ) and the coefficient of its inclination (kurtosis, R ku ) in all samples of Carrara marble. This is vital to predicting the functional behaviour of the machined surface Carrara marble, such as tribological properties of the surface (which involves the study of the
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friction and wear properties of the material). For evaluation of R sk and R ku , two lines both from the upper part and from the bottom of the cutting wall were removed in order to remove the effect of penetration and cutting tool exit, i.e.
AWJ, into and from the cut target. Figure 4 shows that the plot of R sk (3 rd moment) against R ku (4 th moment) of abrasive waterjet generated profile is centred around the random Gaussian profile, which was the negatively and positively skewed distribution and leptokurtic and platykurtic with a low and high degree of peakedness. As can be seen, a value of zero for skewness and three for kurtosis is typical for a random, Gaussian profile and weakly isotropic. The small arc profile kerfs showed the least tendency for positive skewness when machined with an abrasive waterjet. A negatively skewed profile indicates more resistance to abrasive erosion, which in this case is the reduced cutting efficiency of the jet in the direction of jet penetration. The values of R sk and R ku are strongly influenced by AWJ on the surface.
Most of the surface texture of the Carrara marble is characterized by small values of R sk and R ku parameters. These plots show that the majority of SOF, TR, and AMFR display a negative skewness distribution, R sk < 0, close to zero in magnitude, which will be beneficial for a large number of applications. Also, this is typical of the erosive nature of water erosion processes. properties of the machined surface. As the TR increased, the R sk in the lower half of the cutting thickness (around ~20 mm) of almost all studied materials is R sk > 0. This shows the amplitude profiles of the machined surface to have more rugged peaks and for these to be more frequent. R sk and R ku , respectively, due to leptokurtic distribution and high degree of peakedness of Carrara marble material generated by high and low AMFR process parameters.
Topography Distribution Assessment
A typical surface cut by AWJ technology can be categorized as having a smooth upper zone and a rough lower zone. Therefore, it is reasonable to investigate both top side and bottom side surface roughness at the same time. In this experiment, the machined surface profile of Carrara marble obtained by Taylor
Hobson is shown in Figure 5 , and was measured at a distance of 5 mm from the top (jet entry) and the bottom (jet exit) edge of the machined surface with a constant SOD of 4.0 mm. The cut-off length for the measurement is 0.8 mm. The data generated by the AWJ machine reveal that the cut surface at jet entry region is smooth, −20 µm < surface profile < +20 µm (which is an equally distributed surface profile amplitude with the mean and ±SD values of −0.00002 ± 6.7955 µm), and is rough at the jet exit, −120 µm < surface profile < +120 µm (which is an irregularly distributed surface profile amplitude with the mean and ±SD values of −0.00006 ± 48.0723 µm). This is due to the synergetic effect of loss of jet energy and the addition of residual chips combined with abrasive particles when the abrasive waterjet machine is penetrating the Carrara marble sample.
Interestingly, in zone (A) around 5 mm from the top edge, the data output of the surface topography was found to be dominated 100% by the kinetic energy generated by the abrasive waterjet machine rather than by any other constant or variable process parameters of the AWJ machine. It revealed that the maximum amplitude approximation of the surface profile in zone (A) for all samples with constant and variable parameters are in the range of ±20 µm and exhibit very 
Lagging and WaterJet Angle Assessment
The lagging (the distance between the jet entry and the jet exit) and waterjet angle of all Carrara marble samples were evaluated and edited by creating a digital photo of the machined surface profile after being cut by the AWJ together with a reference gauge. Then, an image processing technique was used to analyse the data. Also, lines outlining machining marks created by AWJ and showing their estimated lagging and waterjet curve angle were added. Figure 9 shows the comparitive study of surface topography distribution with different traverse rate (S6 to S10 at Zone A) crease in the lagging. In contrast, as the TR increases, the lagging and waterjet angle increases by 103.4% and 49.3%, respectively, indicating that the percentage increase in the waterjet angle is almost half that in the lagging. The results revealed that the SOD affects the waterjet angle more than the lagging with constant TR while the TR affected the lagging more than the waterjet angle at constant SOD. There is almost no difference in lagging for high and low AMFR, but at high AMFR, a low waterjet angle is observed and it appears to be otherwise on the low AMFR with constant SOD and TR.
For the machined surface cut by AWJ with the highest TR, many grooves and elevations in the lower zone are clearly visible. With the decrease in cutting TR, an improvement of machined surface quality in its lower part can be observed. comparitive study of surface topography distribution with different abrasive mass flow rate (S11 to S12 at Zone A) For the lowest used cutting TR, machining marks are fewer and only faintly visible. It can be noted that the width of the zone with visible machining marks and their curve angle increases with the growth in cutting TR. The presence of machining marks in the lower part of cut surfaces is linked to the decrease in kinetic energy of abrasive particles in the AWJ. Therefore, it can be inferred that with the increase in cutting TR, the kinetic energy of abrasive waterjet drops.
Conclusions
An investigation of the cutting performance and erosive process in abrasive waterjet (AWJ) machining of Carrara marble material is presented. It demonstrates that AWJ cutting can generate a good machined surface quality at high production rates if the cutting parameters are suitably selected. The abrasive waterjet process parameters were successfully employed in contour machining of up to 40 mm thick Carrara marble that is being used in Al-Masjid Al-Haram, The
Holy Mosque, in Makkah, KSA, for internal flooring and internal/external cladding application. The conclusions were as follows:
The abrasive waterjet process was characterized in terms of an R q /R a ratio and was determined to be R q /R a = 1.23 ± 0.04 for SOD, R q /R a = 1.25 ± 0.03 for TR and R q /R a = 1.26 ± 0.04 for AMFR.
The values of R sk and R ku are strongly influenced by AWJ on the machined surface. Oppositely signed values for R sk correspond to different machined surfaces, while different values of R ku reveal different machined surface features.
The data generated by AWJ machining showed that there was a huge correlation between the SOD, TR and AMFR process parameters and the lagging and waterjet angle.
To sum up, SOD and TR are the key process parameters that affect the machined surface quality of Carrara marble in contrast to AMFR.
